This paper covers the development of a model-based engine control (MBEC) methodology featuring a self tuning on-board model applied to an aircraft turbofan engine simulation. Here, the Commercial Modular Aero-Propulsion System Simulation 40,000 (CMAPSS40k) serves as the MBEC application engine. CMAPSS40k is capable of modeling realistic engine performance, allowing for a verification of the MBEC over a wide range of operating points. The on-board model is a piece-wise linear model derived from CMAPSS40k and updated using an optimal tuner Kalman Filter (OTKF) estimation routine, which enables the on-board model to self-tune to account for engine performance variations. The focus here is on developing a methodology for MBEC with direct control of estimated parameters of interest such as thrust and stall margins. Investigations using the MBEC to provide a stall margin limit for the controller protection logic are presented that could provide benefits over a simple acceleration schedule that is currently used in traditional engine control architectures.
T he National Aeronautics and Space Administration (NASA) Aeronautics Research Mission Directorate aims to develop technologies to improve the safety and fuel efficiency of commercial aircraft. Conservation of fuel in transportation systems has been identified as a national goal to reduce harmful emissions and is recognized as a responsibility that requires government involvement in order to be achieved. NASA has documented that reduction in air pollution and operational costs can be accomplished by creating technologies that reduce the following: drag, engine-specific fuel consumption and aircraft weight. 1 Modelbased engine control (MBEC) is being developed as one of the advanced engine control system methodologies to improve turbofan engine efficiency. In addition, MBEC has potential to provide performance enhancement to transient turbofan engine responses.
In current engine control architectures, the typical design approach is to regulate a measurable variable such as fan shaft speed (Nf) or engine pressure ratio (EPR), which is correlated with thrust. This is done since engine thrust is not a measurable parameter from typical on-board engine sensors. Additionally, limits on allowable fuel flow are imposed based on a conservative approach to maintain adequate stall margin (SM) for safe operation of the engine throughout its life. This approach results in less efficient engine operation and leads to variations in the engine throttle to thrust response with engine deterioration. As an engine deteriorates with usage, the same throttle setting results in slightly different thrust because the relationship of the regulated variable (Nf or EPR) to thrust changes with engine aging.
MBEC will allow operation with less conservative operability margins, since operability margins discussed in this paper are currently designed to an end of life (EoL) engine, whereas an on-board model can provide a more accurate margin for the actual condition of the engine. The reduction in the operability margins for newer engines through the use of direct stall margin estimation protection logic can increase fuel efficiency. A stall margin limiter can be developed to ensure that a lower stall margin threshold can be used for developing a new operating line while maintaining safe operation during transient changes. By making modifications to the operating line, the goal of obtaining efficiency gains can be realized. The longer term pay-off of this research is to have a personalized control for each specific engine, which adapts to the actual condition of the engine to not only maintain more efficient operation throughout its lifetime, but also increase its useful operating life.
A MBEC architecture is comprised of three main components; first an engine or "truth" model, second an on-board model designed to provide real-time estimates of desired unmeasured parameters, and last a controller with limit protection logic. For the simulation study presented in this paper, the Commercial Modular Aero-Propulsion System Simulation 40,000 (CMAPSS40k) 2 will serve as the engine that MBEC is applied to, an optimal tuner Kalman Filter (OTKF) will serve as the on-board model providing estimates of thrust and stall margin, and finally a thrust controller with stall margin protection is developed. This paper builds upon previous work done by the authors using a linear analysis based on a single operating condition at cruise. 3 The focus in this paper is on the development of a MBEC controller capable of being used throughout the flight envelope and during large transients. The following sections of this paper will discuss a traditional engine control architecture, the MBEC architecture, application of MBEC to CMAPSS40k results for the closed-loop MBEC thrust control with stall margin protection logic, comparisons of a baseline control to MBEC control, future work, and conclusions.
II. Traditional Control Architecture
A traditional control architecture for a turbofan engine equipped with a full authority digital engine control is shown in Fig. 1 . Turbofan engine controllers are designed to regulate a measurable variable such as N f or EPR, which is correlated with thrust. The main interface between the pilot and the control system is the power lever angle (PLA) or throttle, which is used by the controller to set a required N f or EPR command. Traditional control design is restricted to these parameters due to the sensors and actuators that are implemented in practice. The measured N f or EPR is subtracted from the command set point to create an error signal that goes to the controller to determine a fuel flow (W f ). Protection logic limits the commanded fuel flow to provide safe operation of the engine. Finally, the fuel flow signal is sent to the fuel metering valve. As mentioned previously, the traditional approach can result in less efficient engine operation due to engine-to-engine variations in the throttle to thrust response due to the operability margins being designed for an end-of-life engine, which are more conservative.
For safety and operability, protection logic is used to regulate excessive transients and operating conditions that could lead to stall or other engine failures, shown in Fig. 2 . This is done by monitoring sensed parameters for engine shafts' acceleration, combustor pressure, maximum shaft speeds, and the ratio of W f to compressor discharge static pressure. There is a selection process using a min/max approach to determine the final W f signal that is provided to the fuel metering valve. While all of these limiters are used in traditional aircraft engine control logic, the primary interest in this study is high pressure compressor (HPC) stall margin, and therefore much of the rest of the paper will be focused on the estimation and control of this parameter during engine transients. In the aircraft engine research community, MBEC is widely recognized as a means to provide the necessary improved efficiency to reduce enginespecific fuel consumption. [4] [5] [6] [7] Although MBEC research has been ongoing for many years by organizations such as General Electric, 8, 9 Pratt and Whitney 10 and others, [11] [12] [13] one of the stumbling blocks has been the accuracy of the on-board model as the engine degrades with usage. Typically, engine degradation through aging is captured in engine models through health parameters, which are variables such as efficiency and flow capacity that represent performance deterioration within each major rotating component of the engine. The challenge comes about because typically the number of sensors available to update the on-board model to reflect the effects of engine performance deterioration, is less than the number of unknown health parameters. In other MBEC research done to date, a subset of these health parameters equal to the number of available sensors, referred to as tuning parameters, is used to update the on-board model. Although this approach results in good model estimates of the measured variables, it does not necessarily guarantee a good estimate of the unmeasured variables such as thrust and stall margin.
III. Model-Based Engine Control Architecture
A general schematic of the MBEC architecture applied in this study is shown in Fig. 3 . This architecture contains an engine simulation, an on-board model with an associated tracking filter for estimating unmeasured parameters, and a controller with protection logic. In MBEC, the N f or EPR regulation is replaced by regulation of net thrust (Fnet), and the acceleration protection limit shown in red of Fig. 2 is replaced by a direct HPC SM limiter. The thrust and limit controllers are designed as simple proportional integral (PI) controllers, which is consistent with PI control design strategies applied in traditional control architectures. The protection logic uses a min/max logic to provide an appropriate fuel flow command to the actuator. Within the on-board self-tuning engine model, an OTKF estimation routine is used to tune the on-board model to the current engine condition. The OTKF is based on work performed by Simon, 14 including its follow-on algorithm development. For the MBEC design, the control feedback parameters are not directly sensed, but are instead estimated by the OTKF. The following subsections will provide details about the on-board engine model and OTKF, the controller, and protection logic.
Optimal tuner Kalman Filter
Through research done under NASA's Aviation Safety Program, the OTKF approach has been developed to select tuning parameters that minimize the Kalman Filter mean squared estimation error in the unmeasured variables of interest. 14 Developing a MBEC methodology around this OTKF approach provides the capability to overcome the inadequacies of past approaches and makes it practical to achieve the potential benefits of MBEC. Given the updated tuning parameters, a new control methodology can be implemented for directly controlling on thrust instead of N f or EPR. The OTKF uses a traditional set of engine sensors to provide estimates of non-sensed parameters such as stall margin and thrust. 
Surge Margin Required 23%
The OTKF approach provides an optimal Kalman Filter that is calculated based on a global optimization routine for the estimated parameters of interest at operating points spanning the flight envelope. This optimization process can take on the order of tens of minutes, but only needs to be done once during the design phase of the OTKF.
MBEC development
Given the engine and on-board engine estimation elements developed, a thrust controller and stall margin protection logic can be developed over the full flight envelope to obtain the overall MBEC architecture. In Fig. 3 the MBEC simulation block diagram is illustrated. The thrust controller is directly closed around the estimated thrust and stall margin information is provided to the controller protection logic allowing for a reduction in the conservative margins providing improved efficiency of the turbofan engine.
The reduction in the operability margins for newer engines through the use of direct stall margin estimation protection logic has the potential to increase fuel efficiency. The focus for this study is on using MBEC to improve the protection logic for the HPC SM as it plays an important role in designing the engine operating line. Table 1 shows a typical stack up of the effects considered in establishing the amount of compressor stall margin that the controller should be designed to maintain. 15 Given this SM stack up a baseline engine control will have a steady state operating condition designed to have approximately a 23% margin. Several of the SM effects, or debits, are due to engine-to-engine variation or deterioration. Through MBEC, a stall margin limiter can be developed to ensure that a lower stall margin threshold can be used for developing a new operating line while maintaining safe operation during transient changes. The potential new operating line development is illustrated in Fig. 4 for the HPC map. The red line represents the stall line, the cyan line a notional baseline operating line, and the magenta a potential operating line with reduced stall margin. If perfect estimation of engine deterioration could be obtained, then the SM from Table 1 shows that only a 13% margin would be required to account for the Reynolds number and transient operation. The operating line redesign space is then illustrated in Fig. 4 between the two plotted operating lines. By making modifications to the operating line, the goal of obtaining efficiency gains can be realized through the potential higher efficiency closer to the stall line. The MBEC architecture accepts changes in PLA and converts them to changes in the thrust set point. The thrust controller then uses the error signal to send the fuel flow command to the fuel metering valve actuator. The engine responds to the controller commands and health condition disturbances, and outputs the typical sensed parameters to the OTKF and the controller protection logic. The OTKF then provides an estimate of thrust and stall margin. The overall MBEC architecture is the same as the linear point design MBEC model developed previously, with the primary difference being the piecewise linear scheduling of control gains that allow for operation throughout the operating envelope. 3 The MBEC controllers mimics the typical PI design for the baseline controller and protection logic to provide a fair comparison between the two methodologies.
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IV. Application of MBEC to CMAPSS40k simulation
In this study, the CMAPSS40k simulation is used to represent the engine. The CMAPSS40k simulation is a 40,000 lbf class turbofan engine simulation that is specifically designed for the development and testing of control algorithms. The simulation provides realistic transient engine responses and is capable of executing faster than real time. Baseline controllers using EPR and N f are provided in CMAPSS40k, along with protection logic similar to that shown in Fig. 2 . For the CMAPSS40k simulation the controllers and limiters are designed as a PI control with integrator windup protection. 16 CMAPSS40k, in addition to controlling the fuel flow schedules the variable stator vane (VSV), and variable bleed valve (VBV).
The model contains a typical suite of sensors for turbofan engine control architectures, which includes:
1. N c , core speed 2. N f , fan speed 3. Ps3, high pressure compressor discharge static pressure 4. T3, high pressure compressor discharge temperature 5. T50, low pressure turbine exit temperature 6. P50, low pressure turbine exit pressure
The CMAPSS40k simulation contains a fleet average profile of engine deterioration versus number of flight cycles. By changing the health parameters based on the percent deterioration of the engine, various stages of the engine life cycle can be simulated. To account for deterioration, the efficiency and flow capacity are modified in each of the following engine components: fan, low pressure compressor, high pressure compressor, high pressure turbine, and low pressure turbine.
For the optimal tuner estimation the six control sensors listed above are used. A total of ten health parameters and six sensors represents an underdetermined estimation problem thus illustrating the need for the OTKF approach. The on-board model is a piecewise linear time-invariant state space system developed from CMAPSS40k at an altitude from 0 to 40,000 ft in steps of 20,000 ft, Mach number from 0 to 0.8 in steps of 0.2, and corrected fan speed from 1200 to 4200 rpm in steps of 400 rpm. The piecewise linear model is used to establish the Kalman Filter estimation updates based on sensor inputs. The state vector for the state space model consists of fan and core speeds, and the control input is the fuel flow, VSV, and VBV. The estimated parameters for this study are the values of thrust, HPC stall margin, and combustor exit temperature, T40.
V. Results
The simulation results demonstrate the MBEC architecture using a thrust controller and stall margin protection logic at representative cruise and takeoff operating conditions. The cruise condition is for 30,000 ft altitude, Mach 0.7, and PLA of 60 o , while the takeoff condition simulates a transient of going from idle to full power at sea level static conditions. The results shown will first focus on the MBEC controller and the estimation errors obtained, then illustrate the stall margin protection logic compared to the baseline N f /EPR controller and acceleration limiter, and finally look at potential benefits of the MBEC architecture during a fan fault. As mentioned earlier, the major benefit of MBEC is in being able to operate at steady state with a reduced stall margin, which requires redesign of the steady state operating line. This aspect is not addressed in the current work. The focus of the current work is to investigate the feasibility of MBEC to provide safe operation throughout the operating envelope with comparable performance to the baseline control.
MBEC controller and estimation error results
The MBEC simulation uses a change in the PLA setting to correspond to a change in the thrust set point. A PLA step command is used to investigate the controller performance and the matching of the estimated (dashed line) and "true" thrust (solid line). Results for both the takeoff and cruise operating conditions are shown in Fig. 5 . The cruise performance is shown on the left given a positive 10 o PLA change over five seconds starting at the 15 second mark followed by a negative 10 o PLA change over five seconds initiating at 45 seconds. Performance deterioration throughout the engine's lifecycle is simulated by using the deterioration parameter of the CMAPSS40k simulation. Results are shown for engine deterioration levels, or "life cycle" points, of new (black), mid (blue), and EoL engine (red). At each of the life cycle points the performance for the cruise thrust estimation is very comparable and the largest absolute percent error between actual and estimated thrust is usually less than 1.5%. The MBEC control architecture is able to provide a tight control and all of the responses lie nearly on top of each other. On the right hand side of Fig. 5 the takeoff condition is shown with a PLA change from flight idle to near max power (a positive PLA change of approximately 37 o ) over 0.15 seconds starting at the 25 second mark. This operating condition is at sea level static and represents the FAA federal aviation regulation 33.73, 17 which demands that the engine should be able to go from flight idle to 95% of full rated takeoff thrust in less than five seconds without causing the engine to stall. The MBEC engine is able to reach 95% of full rated power from flight idle in less than 5 seconds to meet the FAA requirement. Similar estimation performance to the cruise condition is shown, however the largest estimation error has now increased to approximately 3% due to the very large transient. Some of this error could possibly be reduced by using more trim points for the Kalman Filter, however the thrust estimation error is relatively small over the engine life cycle and at various operating points.
The stall margin is investigated with the same transient PLA change for takeoff and cruise that was done for the thrust performance investigation. The SM regulator used in the protection logic is designed to limit the SM from falling below 11%, which accounts for the the non-transient SM stack up shown in Table 1 . This mimics the baseline acceleration limiter that is designed to same threshold. Results for both the takeoff and cruise are shown in Fig. 6 . The cruise performance is shown on the left given a 10 o PLA change. The stall margin estimation error is typically less than 4% and has a peak of less than 6% error. This HPC SM estimation is not as accurate as the thrust estimation, however the OTKF is able to track the general trend during engine degradation.
The takeoff operating point is shown in Fig. 6 on the right, where the transient is again an approximately 37 o PLA change. This large transient command without protection logic would cause the engine to stall. The results show that the HPC limiter is able to prevent the engine from stalling to meet the FAA requirement. The following section will discuss the HPC protection logic in further detail, while the focus in this section is the estimation error. Here again, the steady state error is small and comparable to the cruise condition. However, the transient error can be as large as 20% due to the very large command. While this is a large percent error, this is still in relation to a percent stall margin, and it will still allow for a reduction in the baseline operability margins used in developing the protection logic.
Another aspect of designing the engine protection logic is guarding against high gas temperatures feeding into the turbine, T40. Typically, this region of the engine is too hot to place a sensor as over temperature protection is implemented by determining the engine operating line to be such that T40 will stay below the maximum allowable temperature throughout the engine life and operating envelope. This approach also introduces conservatism in determining safe steady state operating line. If a good estimate of T40 can be obtained then a temperature regulator can be designed to ensure that maximum temperature limits are not exceeded. The OTKF in the MBEC architecture allows for estimates of this temperature to be taken into account in the control design. The estimates of T40 at both the cruise and takeoff operating condition are shown in Fig. 7 . The estimation of T40 is very accurate at both operating conditions and over the engine life cycle, producing only a 1% error at cruise and 6% error at takeoff. 
Stall margin protection logic results
This section illustrates a performance comparison between the MBEC protection logic using the estimate of the HPC SM and the baseline CMAPSS40k EPR controller using an acceleration limiter. The transient used for the analysis is for a slightly larger transient than the aforementioned FAA requirement. In this section, the full PLA command range is used to illustrate a case where the protection logic is certain to be required for safe operation. The acceleration limiter is designed to have approximately 11% HPC SM during a large transient to provide enough margin to safely operate even an EoL engine. The margin is obtained from Table 1 by subtracting the transient from the stall margin stack up. The SM limiter regulator replaces the acceleration limit for the MBEC architecture, where a lower value is sought to illustrate improved thrust response. A SM threshold of only a few percent is possible based on the estimation accuracy shown in the previous section, however this lowering of the limit can have a significant impact on other aspects of the engine operation. It was determined for this study that the SM threshold would be lowered to a value of 8% to prevent the MBEC design from having a higher max T40 than the baseline. In Fig. 8 and 9 the baseline controller response is shown for a new (dashed black), mid (dashed blue) and EoL engine (dashed red). The MBEC controller response is shown in Fig. 8 The estimation of the stall margin shown in Fig. 6 illustrated that the typical deterioration uncertainty in the stall margin stack up can be reduced. For the analysis presented here a SM threshold of 8% was chosen to provide margin for uncertainty in the estimation and not allow the transient response to significantly exceed the value of T40 for the baseline control architecture. In the results that follow, the estimation error is no longer shown as the approximate percent error of the estimation as was illustrated in the previous section. However, the MBEC controller is still closing the loop on the estimated parameters.
The large transient for this study causes the limiter to engage, which prevents the engine from violating the threshold by limiting the fuel flow. The results shown for the HPC SM in the left plot of Fig. 8 illustrate that both protection logic schemes prevent the engine from surging. However, the MBEC protection logic enables engine operation at a lower level of HPC stall margin as opposed to the conventional core acceleration limit approach, which must apply more conservative logic for an EoL engine. In addition, since the MBEC controller is closed on an accurate estimate of the desired HPC SM parameter, a tighter controller is possible. It is clearly shown in Fig. 8 that the response of the MBEC architecture has less variation during the transient near the limit over the engine life cycle compared to the response of the EPR controller with an acceleration limiter. The right plot of Fig. 8 shows that while the MBEC limiter allows for the HPC SM transient to propagate more freely before the limiter is engaged, the combustor exit temperature peak is approximately the same as that of the baseline controller.
Since the limiter regulates the fuel flow its design has a large impact on the thrust transient as illustrated in Fig. 9 . The MBEC control limiter has a significant response time advantage over the baseline controller using the acceleration limiter. A tight control of the HPC SM is a key potential benefit of the MBEC control design approach. The significance of this, beyond a faster large transient response, would be for the working line of the engine to be allowed to move to a more efficient regime of the operating envelope. This region is typically excluded due to stall margin requirements due to engine life deterioration. If the engine is able to operate more efficiently by the redesign of the working line then the goal of improving the thrust specific fuel consumption can be obtained.
Fan fault and tighter thrust control
To investigate if the MBEC design could provide a tighter control than the baseline N f /EPR controllers over the engine life cycle, several operating points were investigated. The baseline controller is executed at various deterioration levels and the response of the non-deteriorated engine thrust profile is saved to be used as the thrust command for the MBEC controller design. The general trends from this investigation will be discussed, but the results shown in Fig. 10 are for the previously described cruise operating point and compared to the N f baseline controller. The same color scheme for the plotted results are used from the previous section. The MBEC design has less than 1% error in thrust over the engine life cycle as was shown in Fig. 5 . The right plot of Fig. 10 shows that the thrust range for the MBEC design is approximately 60 lbf, while the N f control design has a variation of about 90 lbf. While the MBEC design here is slightly tighter than the N f design, both controllers provide a very tight margin. When comparing other operating points the N f design typically had slightly greater thrust variation, but this was not always true for low altitudes. The CMAPSS40k EPR baseline controller always had a smaller thrust variation over the engine life cycle, when compared to the MBEC control design.
The small variation of the thrust over the engine life cycle shown in all of the results, only about 1%, is due to the specific deterioration profile for the CMAPSS40k simulation. The MBEC architecture could potentially provide a tighter thrust control for other engines, where the deterioration is expected to have a greater impact on the thrust output. Previous studies have shown that the deterioration can cause larger thrust variations of up to 3%. 18, 19 In these cases the MEBC design could provide a significant benefit.
Another area the MEBC control design could provide a benefit is in the case of a fault that would impact the thrust output. A notional fan fault is simulated here, where the fan efficiency and flow capacity is decreased by 3% at the 25 second mark of a simulation using the cruise operating point profile. The flow capacity drop of 3% is approximately an order of magnitude larger than a typical decrease in a naturally degraded EoL engine. Here the PLA is held fixed and the transient change is only due to the fan fault. A comparison of the thrust response using the MBEC design to the N f baseline controller is shown in Fig. 11 . The results show that the fault causes both of the designs to deviate from the commanded set point, but the MBEC design is impacted to a lesser degree. Note that the MBEC tracks the estimated Fnet, however the on-board model has significant error in estimating Fnet in the pretense of the large fan fault. The use of MBEC to maintain desired performance during faults is an area of ongoing investigation. 
VI. Future Work
The work presented here illustrated the potential benefit of an MBEC architecture, however to show real efficiency gains a redesign of the engine operating line is required. The MBEC control architecture was shown to open up new areas of the compressor performance map that now can be used to explore more efficient operating conditions. Ongoing work is investigating the efficiency contours of the engine performance maps that can be used to design the new operating line, which will be used to test possible reductions in specific fuel consumption. Since fan faults due to foreign object damage are a relatively common occurrence, the capability to estimate the thrust accurately in the presence of a fan fault needs to be investigated further. Although nothing in this MEBC architecture is adaptive and thus non-deterministic, some means of validating that the estimated values are reasonable will need to be incorporated.
VII. Conclusions
The development of a model-based engine control (MBEC) design applied to the Commercial Modular Aero-Propulsion System Simulation 40,000 (CMAPSS40k) turbofan engine simulation and an optimal tuner Kalman Filter (OTKF) estimation routine as the on-board model was shown. The focus was on developing a MBEC design using an OTKF estimation of thrust and high pressure compressor stall margin to replace the baseline turbofan engine feedback control and limiting parameters. The MBEC simulation was shown to provide a tight control bound on thrust over the entire life cycle of the engine. The OTKF provided accurate estimates of the control parameters of interest at cruise and during a large takeoff transient. The most significant result shown is the accurate estimation of the high pressure compressor stall margin. This allowed for the development of a stall margin protection logic that improved the transient response over the baseline control architecture. The MBEC control architecture was also shown to provide a tighter control of thrust in the case of a fan fault.
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This section illustrates a performance comparison between the MBEC protection logic using the estimate of the HPC SM and the baseline CMAPSS40k EPR controller using an acceleration limiter. The transient used for the analysis is for a slightly larger transient than the aforementioned FAA requirement. In this section, the full PLA command range is used to illustrate a case where the protection logic is certain to be required for safe operation. The acceleration limiter is designed to have approximately 11% HPC SM during a large transient to provide enough margin to safely operate even an EoL engine. The margin is obtained from Table 1 by subtracting the transient from the stall margin stack up. The SM limiter regulator replaces the acceleration limit for the MBEC architecture, where a lower value is sought to illustrate improved thrust response. A SM threshold of only a few percent is possible based on the estimation accuracy shown in the previous section, however this lowering of the limit can have a significant impact on other aspects of the engine operation. It was determined for this study that the SM threshold would be lowered to a value of 8% to prevent the MBEC design from having a higher max T40 than the baseline. In Fig. 8 and 9 the baseline controller response is shown for a new (dashed black), mid (dashed blue) and EoL engine (dashed red). The MBEC controller response is shown in Fig. 8 and 9 The estimation of the stall margin shown in Fig. 6 illustrated that the typical deterioration uncertainty in the stall margin stack up can be reduced. For the analysis presented here a SM threshold of 8% was chosen to provide margin for uncertainty in the estimation and not allow the transient response to significantly exceed the value of T40 for the baseline control architecture. In the results that follow, the estimation error is no longer shown as the approximate percent error of the estimation as was illustrated in the previous section. However, the MBEC controller is still closing the loop on the estimated parameters.
Fan fault and tighter thrust control
The small variation of the thrust over the engine life cycle shown in all of the results, only about 1%, is due to the specific deterioration profile for the CMAPSS40k simulation. The MBEC architecture could potentially provide a tighter thrust control for other engines, where the deterioration is expected to have a greater impact on the thrust output. Previous studies have shown that the deterioration can cause larger thrust variations of up to 3%. 18, 19 In these cases the MEBC design could provide a significant benefit. Another area the MEBC control design could provide a benefit is in the case of a fault that would impact the thrust output. A notional fan fault is simulated here, where the fan efficiency and flow capacity is decreased by 3% at the 25 second mark of a simulation using the cruise operating point profile. The flow capacity drop of 3% is approximately an order of magnitude larger than a typical decrease in a naturally degraded EoL engine. Here the PLA is held fixed and the transient change is only due to the fan fault. A comparison of the thrust response using the MBEC design to the N f baseline controller is shown in Fig. 11 . The results show that the fault causes both of the designs to deviate from the commanded set point, but the MBEC design is impacted to a lesser degree. Note that the MBEC tracks the estimated Fnet, however the on-board model has significant error in estimating Fnet in the pretense of the large fan fault. The use of MBEC to maintain desired performance during faults is an area of ongoing investigation. Figure 11 . Thrust response comparison of the MBEC control design to N f baseline during a fan fault of 3% reduction in efficiency and flow capacity.
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